Clutches of leatherback turtles, Dermochelys coriacea, have lower hatching success than those of other sea turtles, but causes of high embryonic mortality are unknown. We measured characteristics of clutches along with spatial and temporal changes in PO 2 and temperature during incubation to determine the extent to which they affected the developmental environment of leatherback embryos. Minimum PO 2 in nests decreased as both the total number and mass of metabolizing embryos increased. Increases in both the number and mass of metabolizing embryos caused an increase in maximum nest temperature. However, neither PO 2 nor temperature was correlated with hatching success. Our measurements of relatively high nest PO 2 (lowest 17.1 kPa or 16.9% O 2 ) indicate that hypoxia apparently does not cause the low hatching success of leatherback clutches. Oxygen partial pressure increased and temperature decreased from the center toward the periphery of leatherback nests. We inferred from these measurements that positions of eggs within nests vary in quality and potentially affect overall developmental success of entire clutches. The large metabolic mass of leatherback clutches and limits to gas flux imposed by the sand create a situation in which leatherback embryos collectively affect their own environment.
Introduction
Physical features of beach sand and biological characteristics of developing eggs in a clutch affect the nest environment within which sea turtle embryos develop. Sand grain size and type affect both gas and water flux (Ackerman 1980) , sand thermal conductivity, temperature (Speakman et al. 1998) , and viability of egg clutches (Mortimer 1990) . The temperature at which a clutch develops determines hatchling sex and incubation duration (Hendrickson 1958; Morreale et al. 1982; Standora and Spotila 1985; Mrosovsky 1994; Binckley et al. 1998 ). The two principal mechanisms for gaseous transport within soil are diffusion and convection. In diffusion, the driving force is a gradient of partial pressure of the constituents of the gas mixture. In convection, or bulk flow, the driving force consists of a gradient of total gas pressure, resulting in an entire volume of air flowing from a zone of higher pressure to one of lower pressure (Hillel 1998) . Oxygen consumed in embryonic metabolism diffuses from the atmosphere through sand surrounding the nest (Prange and Ackerman 1974) , but this process can be enhanced by convective gas exchange, which ventilates the nest and elevates oxygen concentration (Maloney et al. 1990 ).
Metabolic activity of sea turtle embryos and diffusive conductance of beach sand to respiratory gases, which is correlated with sand grain size, number of grains per volume, and moisture and air content, can produce a hypoxic environment for developing sea turtle embryos at the time of emergence (Ackerman 1977) . Interacting biotic and abiotic factors that affect the environment of developing oviparous embryos have been well documented with bird eggs in which metabolism and limits to gas exchange imposed by the eggshell affect levels of respiratory gases experienced by near-term bird embryos (Rahn and Paganelli 1990) . Oxygen partial pressures can be as low as 10.0-13.3 kPa (9.9%-13.1% O 2 ) in green turtle and loggerhead turtle nests (Ackerman 1977 ) and down to 15.2 kPa (15.0% O 2 ) in olive ridley (Lepidochelys olivacea) nests (Clusella-Trullas 2000) . Reduction of sand gas conductance increases incubation duration and decreases hatching success and embryonic growth rate in green turtle (Chelonia mydas) and loggerhead turtle (Caretta caretta) clutches (Ackerman 1981a) . Clutch oxygen consumption rates are related to clutch metabolic mass and developmental stage (Ackerman 1980) .
The position of an individual egg within a clutch and nest chamber can influence the microenvironment within which the embryo develops. Increased embryonic development can cause spatial temperature differences within a nest Maloney et al. 1990; Booth and Astill 2001) that can result in asynchronous developmental rates and hatchling emergences (Houghton and Hays 2001) . Changes in nest temperature can also influence gas and water exchange (Ackerman et al. 1985) . Ackerman (1977) proposed a model of radial gas diffusion through a medium of infinite sand to account for an increase in oxygen partial pressures from the center of a green turtle or loggerhead turtle clutch toward the periphery of the nest and extending out into the beach surrounding the nest. According to the model, characteristics of sand surrounding a nest determine the rate of gas exchange of the metabolizing clutch, and because diffusion rates through sand are much lower than through air, PO 2 in the nest declines significantly from atmospheric PO 2 in response to increased embryonic metabolism, a pattern observed by Maloney et al. (1990) for loggerhead nests. Therefore, the amount of oxygen available to an embryo should depend on whether it is in the center of the clutch surrounded by other metabolizing eggs or on the periphery of a clutch in direct contact with the sand, and these distinct physical microenvironments within a nest chamber might affect the development of embryos, depending on the position in which they develop. Nests of leatherback sea turtles, Dermochelys coriacea (family Dermochelyidae), are unusual because they are the deepest (≈0.7-1 m) and contain the largest mass of eggs (≈5-10 kg) of any living reptile. These factors should make oxygen more limited to developing leatherback embryos than to other sea turtle embryos because they develop farther from the atmospheric source of oxygen within a larger mass of metabolizing tissue. Peak oxygen consumption rates for individual leatherback embryos (10.5 mL h Ϫ1 ; 86-g egg; Thompson 1993 ) are approximately two to three times those of green turtle and loggerhead turtle embryos (3.8-5.7 mL h
Ϫ1
; 42-62-g eggs; Ackerman 1981b). Williams (1996) found that both the total mass of leatherback eggs, as well as the mass of those eggs containing developing embryos, affected nest oxygen concentrations and nest temperatures but not hatching success. Paradoxically, leatherback nests with high emergence success had high levels of carbon dioxide (to 5.4 kPa; 5.3% CO 2 ) and low levels of oxygen (to 16.5 kPa; 16.3% O 2 ; Reynolds 2000) . Both studies reported declines in oxygen partial pressures during the second half of incubation, corresponding to increased embryonic growth during this period (Ackerman 1981b; Thompson 1993; Booth and Astill 2001) .
Hatching success of clutches of leatherback turtles worldwide is about 50% (see Bell et al. 2003 for review) . By comparison, hatching success of clutches of other species of sea turtles tends to be 80% or more (Miller 1997) . Embryonic mortality, not infertility, causes the low developmental success reported for leatherbacks (Bell et al. 2003 ). An examination of the biotic and abiotic characteristics of the leatherback nest environment will help to determine the causes of high embryonic mortality of leatherback clutches.
Therefore, the objectives of this study were to measure the biological and physical conditions within leatherback nests and determine whether these conditions affected the developmental environment of leatherback clutches. We recorded clutch sizes, clutch masses, and developmental outcomes for leatherback clutches in a hatchery. We measured nest oxygen partial pressures and temperatures during incubation as well as positional differences in oxygen partial pressures and temperatures within leatherback nests to quantify the spatial and temporal changes in these conditions and to characterize the microenvironments in which leatherback embryos develop.
Material and Methods
Parque Nacional Marino Las Baulas, in Guanacaste Province, Costa Rica, consists of Playas Grande, Ventanas, and Langosta and is home to one of the largest leatherback nesting colonies in the world (Steyermark et al. 1996) . We conducted this study during the 2001-2002 season using "doomed" leatherback turtle clutches (i.e., those clutches oviposited below the high tide line) that we relocated from their oviposition sites to our protected beach hatchery at Playa Grande. The hatchery was located in the high beach zone safe from tidal inundation and was enclosed by a wooden and metal wire fence that limited human entry and was also enclosed by chicken wire (10 mm, 0.5 m high) extending 20 cm below the sand mm # 10 surface around the bottom of the fence to exclude fossorial and most terrestrial predators. The -m hatchery could 20 # 20 hold up to 16 columns and 11 rows of nests spaced 1 m apart at their centers, for a maximum of 172 nests (Reynolds 2000) .
We collected clutches of eggs from ovipositing females and placed the clutches in hatchery nests within 6 h of oviposition. We dug each nest by hand to a depth of approximately 0.75 m from the sand surface to the bottom of the nest chamber, which had the general shape of a round-bottom flask. Nest chambers were 0.30-0.35 m in diameter, and nest shafts were 0.20-0.25 m wide and 0.40-0.45 m long. We brushed most of the sand from the eggs, placed them in nest chambers, and then placed the shelled albumen gobs (SAGs; Sotherland et al. 2003) , which have been erroneously referred to as yolkless eggs in previous studies, on top of the egg clutch, simulating the natural oviposition sequence. We dug and refilled the hatchery nests within the average duration for these processes for nesting leatherbacks (approximately 30 min; Reina et al. 2002) to reduce desiccation of sand used to refill the nests. Because we did this process at night when relative humidity was high, drying of the sand was kept to a minimum. Before burying each clutch, we weighed 20 individual eggs to the nearest 0.1 g. Because intraclutch variation in leatherback egg mass is small (Sotherland et al. 2003) , we obtained clutch mass by multi-plying the mean mass of the 20 eggs by the number of eggs in the clutch; we also weighed all SAGs from each clutch.
We spaced nests 1 m apart at their centers to maximize the number of nests protected and hatchlings produced in the hatchery. Clutches developing in close proximity to each other could affect the gas tensions and temperatures of their neighbors (Ackerman 1997) . Indeed, sand gases were perturbed over 40 cm from the center of green turtle and loggerhead turtle clutches (Ackerman 1977) . Reynolds (2000) measured a reduction of sand PO 2 (Ϫ0.16%) and rise in PCO 2 (ϩ0.10%) 0.5 m from the centers of developing nests but found that these changes did not affect emergence success.
We collected samples of nest gas from 21 developing leatherback clutches using spherical sampling ports constructed from hollow plastic baseballs (Wiffle; ≈70-mm diameter, ≈200-cm 3 volume) that contained many large holes in the lower hemisphere. We placed a sampling port in the center of each clutch when placing eggs in the nest and before filling the nest shaft with sand. Two (1-m) lengths of Tygon tubing (1.5-mm internal diameter) extended up the neck of the nest chamber to allow for passage of gas samples from the sampling port to the surface of the sand. Shut-off valves on the ends of the tubes at the sand surface prohibited entry of water and sand. We also collected gas samples from a control nest, which was a standard hatchery nest filled with hollow, perforated plastic golf balls and surrounded on three of four sides by nests containing eggs. Control nest PO 2 was kPa (range 0.1-0.5 kPa) be-0.30 ‫ע‬ 0.01 low atmospheric PO 2 during our study (from mid-October to mid-February). Similar values for hatchery (≈20.8 kPa) and beach (≈21.0 kPa) controls were measured previously at Playa Grande (Reynolds 2000) .
We used an oxygen sensor (Qubit Systems) for real-time measurements of internal nest PO 2 . A data logger/computer interface (Vernier Software) archived data that we later analyzed using the Logger Pro software from Qubit Systems. A DC pump drew nest gas from the sampling port, through Drierite and Ascarite columns (to remove water vapor and CO 2 , respectively, from the gas sample), and then past the sensor before recirculating the gas sample back into the nest. Using a calculated volume of dead space and the measured flow rate of gas in the sampling apparatus (about 50 mL min Ϫ1 ), we determined that sampling durations of approximately 3 min were necessary to sample nest air for about 1 min and obtain dependable nest PO 2 measurements. We also used a 1-min calibration period between each nest sample, during which we measured atmospheric PO 2 . In a pilot study, the pressure displacement in a sealed chamber caused by the sampling apparatus was !5 Pa. Pressure differences 11 Pa may induce bulk flow of gas through soils (Klute 1986 ). We were unable to determine whether our sampling apparatus caused a pressure-induced movement of bulk air inside the nest, but we did not measure any change in PO 2 during the 1-min sampling period, indicating that our system probably did not alter natural nest gas partial pressures during this period. We measured PO 2 and temperature at the same time in each nest every second day throughout the incubation period until hatchling emergence. This sampling regime minimized the effect of any bulk flow of gas into the nest that our sampling method may have caused.
We recorded clutch temperature during development with a BAT-12 thermocouple meter (Physitemp) connected to a 24-gauge Cu/Cn thermocouple (‫50.0ע‬ЊC) in each sampling port. We recorded temperatures at 0, 0.25, 0.50, 0.75, and 1 m on the beach and in the hatchery throughout the season to compare nest temperatures with natural temperature patterns in a sand column. Nests had no effect on the hatchery thermal profiles during this study, corroborating similar measurements of hatchery and beach temperatures away from nests at Playa Grande (Binckley et al. 1998; Reynolds 2000) .
Spatial Gas Concentration and Temperature Sampling
We placed four small gas and temperature sampling ports (hollow, perforated plastic golf balls, ≈43-mm diameter, ≈76-cm 3 volume) in each of eight nests (not used in the previous experiment), one in the center of the clutch, one on the side (in contact with the sand), one on the bottom (in contact with the sand), and one on the top (below the SAGs). We eliminated one nest from our analysis because of excessive parasite infestation and therefore report results from the other seven nests. There was only one length of tubing for each port. The sampling apparatus was the same as for the measurements described previously, but the sampling protocol for the spatial oxygen measurements differed in that we decreased sampling duration to 2 min, did not recirculate gas samples collected from the positional ports, and sampled only one of the four ports daily to minimize sampling-induced changes in nest PO 2 . Our temperature-measuring regime was identical to that for PO 2 .
Determination of Developmental Outcomes
We determined the developmental outcome of each clutch by excavating the nest chamber 2 d after the first hatchling emerged from the nest. We calculated hatching success according to the following formula:
where H is the total number of hatchlings (alive and dead), S is the number of individual eggshells, and U is the number of unhatched eggs (Reynolds 2000) .
Because hatching success for this population has historically been about 50% (Bell et al. 2003 ), we could not assume that the initial clutch size and mass measured at the beginning of incubation represented the number and mass of metabolizing embryos during the period of peak embryonic development. Therefore, we used Leslie et al.'s (1996) protocol for quantifying the developmental stage of each unhatched egg to estimate post facto the number of metabolizing embryos (all stage 3 embryos [near-term, fully pigmented, and longer than 20 mm] and all hatchlings for each clutch) and metabolic mass (the number of metabolizing embryos multiplied by the average hatchling mass for each clutch) that would have contributed to the minimum nest oxygen partial pressures and maximum nest temperatures that we measured. We determined stage at death for embryos by examining every unhatched egg at the end of the incubation period.
Statistical Analyses
We performed all statistical analyses using SPSS. We tested all data for normality using the Shapiro-Wilkes W-test. We used regression ANOVA to assess relationships between characteristics of clutches and nest PO 2 or nest temperature. Because we were interested in quantifying spatial differences in the oxygen levels and temperatures between the center and the periphery of the nests, we calculated differences between the minimum PO 2 and maximum temperature measurements in the center of each clutch and the PO 2 and temperature at each peripheral position on or near the same date, calculated the means for all nests, and used Student's t-tests to determine whether these differences were significantly different from 0. We arcsine transformed data that were percentages (i.e., hatching success) and accepted a significance level of for a p 0.05 all tests. Means are reported with standard errors. We conducted this study under Costa Rica Ministerio del Ambiente y Energía permit 044-2000-OFAU and Drexel University Animal Care and Use Approved Protocol 00404-01.
Results
Leatherback nest PO 2 and temperature remained close to the control values (control nest kPa; control PO p 20.9 ‫ע‬ 0.01 2 temperature at nest depth on the beach C) until 29.4Њ ‫ע‬ 0.19Њ the second half of incubation, when the PO 2 decreased and the temperature increased rapidly (Fig. 1) . Therefore, we compared clutch sizes, masses, and hatching success to minimum nest PO 2 (kPa) and maximum temperature (ЊC) near the end of incubation when clutch metabolism was presumably at a maximum. 
Discussion
The large metabolic mass of leatherback embryos combined with the conductance to gas flux of the sand creates a situation in which leatherback embryos collectively affect their own environment. We found that as the number and mass of metabolizing leatherback embryos increased, minimum nest oxygen level decreased and maximum temperature increased, supporting Ackerman's (1980) hypothesis that sea turtle eggs can significantly affect the nest environment in which they develop. In a similar way, the amount of oxygen available to an individual frog embryo is influenced by the metabolism of its neighbors (Mitchell and Seymour 2003) , and clutch metabolism can Fig. 2 ) shows the empirical relationship between minimum nest PO 2 and number of metabolizing embryos. The theoretical line (dashed line; y p Ϫ0.1084x ϩ 20.894) assumes that gas conductance remains constant and that VO 2 per embryo is independent of number of embryos. To obtain expected PO 2 , we used the empirical data point at x p 12 metabolizing embryos, kPa to estimate the VO 2 per embryo, y p 19.6 and then multiplied that rate by the other metabolic clutch sizes in our sample set.
drive PO 2 to zero in the center of large gelatinous egg masses, where the embryos cease development or die (Seymour and Bradford 1995) .
Through interacting effects of oxygen consumption and gas conductance, a clutch of sea turtle embryos and the sand in which they are buried affect concentrations of respiratory gases to which the embryos are exposed in ways that are similar to those observed in bird embryos developing within a porous eggshell (Ackerman 1977) . Individual bird embryos can affect their own gaseous environment because the conductance to gas flux through the bird eggshell is low (Rahn and Paganelli 1990) . Whereas sea turtle eggshells are much more permeable to gases than bird eggshells (Ackerman and Prange 1972) , conductance to gas flux is low in the sand surrounding developing sea turtle clutches (Ackerman 1977) . Thus, differences in respiratory gas concentrations between a sea turtle nest and the atmosphere are analogous to similar differences across the bird eggshell (Ackerman 1977) .
Leatherback clutches are the most massive of all the sea turtles (Miller 1997) , and because leatherback eggs consume much more oxygen than do eggs of other species (Thompson 1993) , one might expect to measure very low levels of oxygen in leatherback nests. We calculated minimum nest PO 2 expected for different clutch sizes using Fick's law (Wangensteen and Rahn 1971) :
where VO 2 is oxygen consumption rate per embryo, x is the number of metabolizing embryos, GO 2 is gas conductance of the sand, and DPO 2 is oxygen partial pressure difference between the center of the nest and the control. For these calculations, we assumed that gas conductance of the sand and oxygen consumption rate per embryo remain constant, regardless of clutch size or total clutch metabolism. We then calculated expected minimum PO 2 values for each nest in our study by multiplying the metabolic clutch sizes in our study by the oxygen consumption rate per embryo, assumed to be the same as the rate that generated the empirical minimum PO 2 for 12 embryos, and plotted these expected values as a function of metabolic clutch size (Fig. 5) . Although the lowest expected PO 2 was 12.8 kPa for a clutch of 75 metabolizing embryos, the lowest nest PO 2 (for 75 embryos) we measured was considerably higher at 17.1 kPa (16.9% O 2 ) and was similar to the minimum nest PO 2 of 16.5 kPa (16.3% O 2 ) previously measured in our hatchery at Playa Grande (Reynolds 2000) . The PO 2 we measured in leatherback nests was also relatively high compared with the minimum PO 2 of 10 kPa (9.9% O 2 ) for green turtle nests and 13.3 kPa (13.1% O 2 ) for loggerhead turtle nests (Ackerman 1977) , as well as 15.2 kPa (15.0% O 2 ) for olive ridley nests (Clusella-Trullas 2000), but was similar to that of 16.7 kPa (16.5% O 2 ) for loggerhead nests in Queensland, Australia (Maloney et al. 1990 ). These systematic differences between expected and empirical oxygen partial pressures indicate that one or both of our assumptions (that VO 2 and GO 2 remain constant) were incorrect. What might have caused the relatively high oxygen levels we measured? Pumping gas samples from a nest, through chambers that remove CO 2 and water vapor, past an oxygen sensor, and then back into the nest could have disturbed the natural distribution of gases within the nest by creating convection currents that could have induced bulk flow of gases into the nest and thereby increased the effective conductance of the nest. However, our PO 2 measurements were comparable to those for other leatherback nests at Playa Grande (Reynolds 2000) , which were obtained using a gas-sampling method common to studies of gas concentrations in sea turtle nests (Ackerman 1977; Maloney et al. 1990 ). Thus, it seems unlikely that our gas sampling protocol was responsible for our nest PO 2 being higher than expected.
There are several other explanations for the relatively high PO 2 we measured in leatherback nests. First, changes in gas conductance of the sand surrounding nests during incubation could have played a more substantial role in establishing a nest PO 2 different from that proposed by Ackerman's (1977) "infinite sand" model and illustrated by our line of expected PO 2 (Fig. 5) . Conductance is directly related to cross-sectional area and gas conductivity of the respiratory medium and inversely related to length of the diffusion path through which gases diffuse (Wangensteen and Rahn 1971) . If sand particle size, number of sand particles per unit volume, and water content of the sand surrounding the clutches of eggs we used in our study were relatively uniform, then the number and crosssectional area of gas-filled pores per unit volume of the sand around the same nests would be similar. However, total length of the diffusion path for oxygen-from a source, somewhere out in the sand or the suprasand atmosphere, to sink, the outer edge of the nest cavity-is positively correlated with clutch metabolism. For example, equation (3) in Ackerman (1977) can be used to calculate the distance from the outer edge of a sea turtle nest cavity to the position at which sand PO 2 reaches 95% of atmospheric PO 2 (PIO 2 ), and those calculations reveal that the distance (i.e., the total length of the diffusion path for oxygen) increases with clutch metabolism. Thus, if conductance of the sand "shell" surrounding a sea turtle nest were analogous to that of a bird eggshell, as suggested by Ackerman (1977) , then an increase in the total length of the diffusion path for oxygen would lead to a decrease in sand conductance if cylindrical pores, like those in many bird eggshells (Rahn and Paganelli 1990) , existed in the sand. However, if the total length of the diffusion path were greater than the distance from the top of the nest cavity to the sand surface, then conductance of the sand "shell" surrounding a nest would be greater than predictions based on Fick's law and Ackerman's (1977) model.
A factor obscuring clear expectations of the sand "shell" conductance is that effective "pore" shape in the sand is probably conical, not cylindrical. An increase in clutch metabolism would cause an increase in the radius of the sphere enclosing a nest cavity and the surrounding sand out to where sand PO 2 reaches 0.95 PIO 2 and, consequently, would cause an increase in the number of gas-filled pores through which oxygen diffuses. These gas-filled pores, and the sand particles separating them, can be thought of as filling truncated conical "pores," which are similar to the funnel-shaped pores traversing some bird eggshells (Sibly and Simkiss 1987; Tøien et al. 1987 ) that originate at the outer edge of a nest and terminate where sand PO 2 reaches 0.95 PIO 2 . Effective "pores" of this shape would produce an inverse relationship between PO 2 and total diffusion distance (Sibly and Simkiss 1987) , which is what Ackerman (1977) observed in sand surrounding sea turtle nests. Although the relationship between changes in effective "pore" dimensions, clutch metabolism, and gas conductance of the sand "shell" has yet to be elucidated completely, preliminary data from a manmade "beach" and a clutch of "bionic eggs" (batteries that consume oxygen at a known rate to simulate clutch metabolism) revealed that gas conductance of leatherback nests is not likely to change as a function of clutch metabolism (P. R. Sotherland and T. Muin, unpublished observations) . Further investigation of the Ackerman (1977) model-especially the relationship between clutch metabolism, nest depth, and conductance of the "shell" of sand surrounding a buried nest-is warranted.
Second, developing leatherback embryos might be more sensitive to hypoxia than embryos of other sea turtle species such that when a lower critical PO 2 is reached, metabolic activity is retarded, accounting for the "plateau" pattern of oxygen consumption in the days before hatchling emergence (Thompson 1993 ) and the relatively high minimum nest oxygen partial pressures reported by Reynolds (2000) and this study. Exposure to mild chronic hypoxia during incubation resulted in decreased metabolism and modified cardiovascular physiology of embryos of freshwater turtles (Kam 1993; Kam and Lillywhite 1994) and alligators (Warburton et al. 1995) and in hatchling chickens (Dzialowski et al. 2002) . The large differences between our empirical and theoretical minimum nest PO 2 (Fig. 5) could be due to a collective decrease in per embryo oxygen consumption rate, which would be more severe with increasing metabolic clutch size. Measuring changes in embryonic leatherback metabolism in response to manipulated oxygen concentrations (Ackerman 1981b) would quantify the oxygen tolerance range for this species.
Third, gas exchange could be facilitated by convective mechanisms of external ventilation, such as changes in barometric pressure, rainfall, or tidal pumping (Hillel 1998) . Changes in barometric pressure could cause gas flow by compressing and expanding the beach's interstitial gas volume, but these pressure changes are insufficient to facilitate gas exchange for sea turtle nests (Prange and Ackerman 1974) . Although rainfall can pull air downward as it percolates through the sand, it is too brief and sporadic for significant ventilation of sea turtle nests (Prange and Ackerman 1974) . Significant rainfall in early November 2001 at Playa Grande from Hurricane Michelle clearly decreased nest temperatures (Fig. 1b) , but our study nests were still in the early stages of development before clutch metabolism could reduce nest PO 2 (Fig. 1a) . Furthermore, we experienced no rainfall during the period that our minimum nest PO 2 measurements occurred (from mid-December 2001 until midFebruary 2002; B. P. Wallace, P. R. Sotherland, and B. F. Franks, unpublished data) . Maloney et al. (1990) suggested that tidal pumping could be an important means of maintaining relatively high nest oxygen levels. Tidal pumping could facilitate gas exchange in the beach because atmospheric and interstitial gases would follow the vertical movements of tidally driven water table excursions (Prange and Ackerman 1974) . Sea turtle nests could be ventilated if water table excursions were large enough to consistently replace oxygen-depleted/carbon dioxide-rich air from nests with higher oxygen/lower carbon dioxide air from the surrounding sand or the atmosphere. Because this cycle would happen on the order of several hours (Prange and Ackerman 1974) , continuous gas diffusion would raise O 2 and reduce CO 2 partial pressures of displaced nest air so that clutches would not "rebreathe" oxygen-depleted/carbon dioxide-rich air as the water table moves. Tidal pumping would have a progressively greater effect on nest PO 2 as clutch metabolism increases because metabolism of large clutches perturbs sand PO 2 more than metabolism of small clutches. When the water table "piston" moves the column of air in the sand vertically, it would pull less perturbed gas down from the surface or up toward the nest and thereby create a nest PO 2 considerably different from that expected without the tide-induced nest ventilation. Tidal pumping would have a smaller effect when clutch metabolism is lower because the clutch would not perturb sand PO 2 very far from PIO 2 , so "unperturbed" gas being pumped through the nest should not significantly alter nest PO 2 . In any case, the net effect of tidal pumping would be to increase gas flux through the sand, thereby maintaining relatively high nest PO 2 .
Tidal fluctuations and their potential influence on nest gas exchange probably vary among sea turtle nesting beaches, which would produce interpopulation differences among nest environments. Differences between low and high tides at Tortuguero are less than at other leatherback nesting beaches (Leslie et al. 1996) , and vertical movement of the water table is inadequate to ventilate sea turtle nests (Prange and Ackerman 1974) . In contrast, tidal fluctuations at Playa Grande can be in excess of 4 m (Reina et al. 2002) . Preliminary measurements at Playa Grande indicate that the water table is about 2 m below the hatchery nests and fluctuates about 0.20 m (between 0.15 and 0.30 m) per tidal cycle, which is close to the average vertical diameter of a leatherback nest. Such large vertical excursions of the water table could enhance ventilation of the nests at Playa Grande and in our hatchery. Therefore, we propose that a mixed regime of natural diffusion and convection is the most likely cause of the high PO 2 levels we measured in leatherback nests at Playa Grande. Mechanisms of gas exchange presumably vary among nesting beaches and could create differences in the developmental environment of sea turtle nests in different beaches. Thorough investigations of convective flow of gas through beach sand, caused by temporal change in the position of the water table and its potential effect on leatherback nest respiratory environment at Playa Grande and other leatherback nesting beaches, are clearly essential.
Oxygen partial pressure differences can develop within sea turtle nests in response to clutch metabolism and slow gas flux through the sand (Ackerman 1977) . We measured increasing oxygen levels (1.1-1.4 kPa) and decreasing temperatures (Ϫ0.8 to Ϫ1.7ЊC) from the center toward the periphery of leatherback nests. Similar oxygen gradients exist in green turtle and loggerhead turtle nests (Ackerman 1977) . Maloney et al. (1990) reported significant differences in oxygen partial pressures along a vertical profile between the center of developing Caretta caretta clutches (≈0.45 m below the sand surface) and the nest shaft 0.25 m from the surface but not within the egg chamber itself.
These spatial differences in oxygen partial pressures and temperatures could be related to the location of developing versus nondeveloping eggs within the nest chamber. Developmentally advantageous microclimates might exist within a nest where oxygen is more available and temperature is elevated but not lethally high. Embryos developing in these positions might benefit from the more favorable physical conditions. This spatial variation in nest microclimate could result in spatial variation in hatching success. Investigation of regional variation in developmental success would be highly valuable.
Total mass of the SAGs did not affect minimum oxygen levels or maximum temperatures measured at the top and center of clutches. Moreover, neither oxygen partial pressure nor temperature differed significantly among the peripheral positions (top, bottom, and side) of leatherback egg clutches. Frazier and Salas (1984) suggested that SAGs could increase interstitial air spaces above the clutch and thus facilitate increased gas exchange and buffer temperature fluctuations during development. Williams (1996) reported a significant relationship between the number, but not the mass, of SAGs and oxygen concentrations in the nest. However, we measured an essentially uniform spatial distribution of oxygen partial pressure and temperature around the periphery of the nest, despite the presence of SAGs deposited on top of the clutch. Therefore, we reject the hypothesis that SAGs enhance gas exchange or modify temperatures within the nest chamber.
The developmental environment of leatherback embryos is affected by the interaction between characteristics of the developing clutch and physical conditions of the nest. We infer from our observations of spatial variation in oxygen concentrations and temperatures within leatherback nests that individual embryos develop in different microenvironments depending on their location within a clutch. Therefore, the position of an individual egg within a nest chamber could affect the survival of the embryo and the overall hatching success of a clutch. Our measurements of minimum PO 2 in the center of nests were higher than those expected for leatherback nests (Ackerman 1977) , possibly because of ventilation of the nests by tidal pumping, but were not correlated with hatching success. Finally, the relatively high oxygen partial pressures we measured in leatherback nests lead us to suggest that hypoxia does not contribute to the low hatching success of leatherback clutches relative to clutches of other species. Further measurements of biotic and abiotic conditions in nests at Playa Grande and other beaches are crucial to improving our understanding of the developmental environment and success of sea turtle nests.
